Scleroderma-associated pulmonary arterial hypertension (SSc-PAH) is associated with worse outcome than idiopathic pulmonary arterial hypertension (IPAH), potentially due to worse right ventricular adaptation to load as suggested by pressure-volume loop analysis. The value of non-invasive load-adaptability metrics has not been fully explored in SSc-PAH. This study sought to assess whether patients with incident SSc-PAH have worse echocardiographic load-adaptability metrics than patients with IPAH. Twentytwo patients with incident SSc-PAH were matched 1:1 with IPAH based on pulmonary vascular resistance. Echocardiographic load-adaptability indices were divided into: surrogates of ventriculo-arterial coupling (e.g. right ventricular area change/end-systolic area), indices reflecting the proportionality of load adaptation (e.g. tricuspid regurgitation velocity-time integral normalized for average right ventricular radius), and simple ratios (e.g. tricuspid annular plane systolic excursion/right ventricular systolic pressure). The prognostic value of these indices for clinical worsening (i.e. death, transplant, or hospitalization for heart failure) at one year was explored. The two groups were comprised of patients of similar age, with similar cardiac index, pulmonary resistance, capacitance and NT-proBNP levels (p > 0.10). There was no difference in baseline right ventricular dimension, function or loadadaptability indices. At one year, eight (36.4%) SSc-PAH patients had experienced clinical worsening (eight hospitalizations and two deaths) versus one hospitalization in the IPAH group. Load adaptation at one year in survivors was not worse in SSc-PAH (p > 0.33). Patients with IPAH responded better to therapy than SSc-PAH in terms of reduction of right ventricular areas at one year (p < 0.05). Right ventricular load-adaptability echocardiographic indices do not appear to capture the increased risk of negative outcomes at one year associated with SSc-PAH.
Introduction
Systemic sclerosis (i.e. scleroderma) is a connective tissue disease characterized by excess fibrosis and vascular remodeling that can affect multiple organ systems, including the pulmonary arterial tree.
1 Scleroderma-associated pulmonary arterial hypertension (SSc-PAH) occurs in 8-13% of patients and is associated with a median survival of three years after diagnosis. [2] [3] [4] Despite a similar level of afterload, SSc-PAH has been associated with worse outcomes than other forms of pulmonary arterial hypertension including idiopathic (IPAH) as well as pulmonary arterial hypertension secondary to other connective tissue diseases, as shown in the Registry to Evaluate Early And Long-term PAH Disease Management (REVEAL Registry). [5] [6] [7] [8] [9] Several factors have been alleged to contribute to this increased mortality: increased prevalence of left ventricular dysfunction and comorbidities such as renal impairment, but also intrinsically worse right ventricular (RV) adaptation to load. 4, 5, 7, 10 A mechanistic and invasive study by Tedford et al. compared the RV pressure-volume relation in seven patients with SSc-PAH and five with IPAH, suggesting altered ventriculo-arterial coupling in SSc-PAH. 11 Coupling, which refers to matching between contractility and afterload, was invasively measured as the ventricular elastance (Ees) over arterial elastance (Ea) ratio (Ees/Ea). 12 However, a recent larger study has failed to replicate these results when assessing coupling using an invasive and magnetic resonance imaging combined Ees/Ea ratio. 9 Different non-invasive indices of right load adaptability have been proposed in the literature in patients with heart failure or pulmonary hypertension. 13, 14 These indices can be divided into three categories (as presented in Fig. 1 ): surrogates of ventriculo-arterial coupling, indices assessing the proportionality of adaptation, and simple ratio of function and load. [15] [16] [17] The present study tested the hypothesis that patients with SSc-PAH have worse resting right load adaptability using echocardiography than patients with IPAH matched for load (using pulmonary vascular resistance). The value of these indices of load adaptability has not been compared between patients with incident SSc-PAH and IPAH.
The first objective was to compare baseline right heart dimensions, function and RV load adaptability between patients with incident SSc-PAH or IPAH. The second objective was to compare therapeutic response in terms of right heart remodeling and load-adaptability indices in the two groups. The third objective was to explore potential differences in clinical outcomes in the SSc-PAH or IPAH groups and the prognostic value of load-adaptation indices.
Methods

Patients with pulmonary arterial hypertension
Between November 2002 and April 2015, 56 patients with SSc-PAH were included in the prospective observational Vera Moulton Wall Center Pulmonary Hypertension database at Stanford. Stanford University Institutional Review Board approved the study, which was conducted in agreement with the Helsinki-II-Declaration; all patients gave written informed consent. This study first included all consecutive adults with incident SSc-PAH (SSc-PAH group) and 1:1 pulmonary vascular resistance-matched patients with incident IPAH (IPAH group), who all underwent right heart catheterization during this period, as presented in Fig. 2 . Inclusion criteria were: diagnosis of pulmonary arterial hypertension according to latest guidelines (mean pulmonary arterial pressure (MPAP) !25 mmHg and pulmonary arterial wedge pressure 15 mmHg) 18 and baseline echocardiogram available within three months of catheterization. Patients in the SSc-PAH group met American College of Rheumatology/European League Against Rheumatism 2013 criteria for scleroderma. 19 Patients were excluded from the study if they had evidence of severe interstitial lung disease (defined as having moderate or severe interstitial lung disease on chest X-ray or high resolution computed tomography and pulmonary function tests with at least moderate restriction defined as forced vital capacity and/or total lung capacity <70% of the predicted value) or if they had evidence of increase left ventricular filling pressure (pulmonary arterial wedge pressure >15 mmHg). Treatments and decisions regarding referral for lung transplantation were left to the discretion of the treating physicians according to current clinical practice.
Healthy controls
In order to compare the incident SSc-PAH cohort with controls, we also included 1:1 age-and sex-matched healthy controls from the Stanford Healthy Aging research database, in whom pulmonary hypertension or heart failure was excluded by a 60-point health questionnaire, physical exam and echocardiography.
Right heart catheterization
Catheterization was performed through the internal jugular or right femoral vein, after local anesthesia, using mild sedation as required. 20 Right atrial pressure, MPAP, systolic (SPAP) and diastolic pulmonary arterial pressures, and cardiac output were measured. Pulmonary arterial wedge pressure was measured at the end of expiration.
Pulmonary vascular resistance was measured as transpulmonary gradient divided by cardiac output and indexed to body surface area using the DuBois formula adjusted to the ideal weight and gender (PVRI). Pulmonary arterial capacitance was estimated as stroke volume divided by pulse pressure (difference between SPAP and diastolic pulmonary arterial pressures), and indexed on body surface area. 21 Pulmonary arterial elastance was defined as SPAP Â 0.9 divided by stroke volume.
22,23
Echocardiography
Resting echocardiographic studies were acquired using Philips IE 33 ultrasound systems (Philips, Andover, MA, USA). All measures were averaged over three cycles and performed according to latest guidelines. 24, 25 Two blinded cardiologists measured all echocardiograms. Right heart dimensions were measured on RV-focused apical fourchamber view using RV end-diastolic area, RV end-systolic area (RVESA) and right atrial maximal area; all indexed to body surface area. RV systolic function was quantified using fractional area change (RVFAC), tricuspid annular plane systolic excursion (TAPSE), and free-wall Lagrangian longitudinal strain (RVLS). Pericardial effusion was considered significant when > 0.5 cm in diastole. 26 RV systolic pressure (RVSP) was estimated based on the modified Bernoulli equation applied to the peak tricuspid regurgitation velocity and estimated right atrial pressure. 20 Inter-observer variability for RV measurements in our laboratory has been recently published. 26 
Right load adaptation
As a surrogate of ventriculo-arterial coupling, we measured the RV area change/RVESA ratio, similar to the previously reported stroke volume/end-systolic volume ratio. 12 Proportionality indices included the Dandel's index described in end-diastole (velocity-time integral of the tricuspid regurgitation signal Â RV length/RV area) 17 and the index derived from the allometric relation between RV function (RVFAC or RVLS) and load (PVRI) as recently published:
14 RV function/load coefficient . The allometric modeling of the function/load relationship was first demonstrated by Stevens et al. in a magnetic resonance based study in patients with suspected pulmonary hypertension, and recently confirmed in patient with PAH. 14, 27 Simple ratio metrics included the TAPSE/RVSP ratio, 15 the SPAP/cardiac index ratio, 28 the MPAP/cardiac index ratio, the pulmonary artery pulsatility index (pulse pressure/right atrial pressure), and the MPAP/right atrial pressure ratio. 29 
Clinical and laboratory characteristics
New York Heart Association functional class, six-minute walking distance (m), diffusing capacity of the lung for echo: follow-up echocardiogram available at one year; IPAH: idiopathic pulmonary arterial hypertension; PAWP: pulmonary arterial wedge pressure; PVR: pulmonary vascular resistance; RHC: right heart catheterization; SSc-PAH: scleroderma-associated pulmonary arterial hypertension carbon monoxide, serum creatinine and derived MDRD calculation of creatinine clearance, and serum N-terminal pro-B type natriuretic peptide (NT-proBNP; Roche Diagnostics, Mannheim, Germany) were also collected when available within one year of inclusion. The REVEAL score was calculated as previously published 6 in patients with all criteria available. Low risk was defined by a score between 0 and 7, average if equal to 8, moderately high if equal to 9, high if equal to 10 or 11 and very high if !12.
Patients were combined into three groups (REVEAL 1 ¼ low, REVEAL 2-3 ¼ average/moderate-high, and REVEAL 4-5 ¼ high/very high) instead of the five original groups to obtain balanced groups in terms of number of patients. A modified REVEAL score was calculated excluding the connective tissue disease criteria, and classified as modified REVEAL I ¼ low (0-6), REVEAL II-III ¼ average/moderate high (7-8) and REVEAL IV-V ¼ high/very high (!9).
Exploratory outcomes analysis
Follow-up was concluded in September 2016. The combined end-point of clinical worsening was defined as death, lung transplantation or hospitalization for acute right heart failure (defined by more than 24 h of hospitalization). The secondary end-point consisted of death or lung transplant. One-year follow-up echocardiograms were available in 39 patients (93% of survivors). Patients were matched for therapy at one year in order to compare right heart remodeling, function and load adaptation in the two groups according to four categories: single oral agent, dual oral agent, intravenous (i.v.) prostacyclins and i.v. prostacyclins plus additional oral therapy. Inhaled prostacyclins (n ¼ 1 SSc-PAH and n ¼ 4 IPAH) were classified as ''oral'' agents.
Statistical analysis
Continuous variables are presented as median and interquartile range for values that were not normally distributed using the Wilcoxon-Mann-Whitney test and mean AE standard deviation for normally distributed variables using Student's t-test. Normality was assessed using the Shapiro-Wilk test. Categorical data are presented as number and percentage and compared using Fischer's exact test. Cox proportional hazards regression univariate models were used to define association between SSc-PAH etiology, REVEAL score, RV dimension and function at baseline, and all load-adaptability indices at baseline with the primary endpoint and presented as hazard ratios and their 95% confidence intervals (95% CIs). In order to assess the influence of excluding the two patients who died before one year in the one-year analysis, sensitivity analyses were performed using imputation of the RV metrics from the latest echocardiography available prior to death (one month prior to death for both). All statistical analyses were performed using SPSS version 23.0 (IBM SPSS, Inc., Armonk, NY, USA). The results were considered significant when two-sided p values were < 0.05.
Results
Baseline characteristics
Of the 56 SSc-PAH patients originally referred for catheterization, 22 SSc-PAH met inclusion criteria, matched to 22 IPAH (Figure 2 ). The average scleroderma disease duration from first non-Raynaud phenomenon symptom was 5.1 AE 2.4 years with a majority of patients with limited cutaneous scleroderma (90.9%); half displayed positive anti-centromere antibody. Baseline clinical characteristics and resting hemodynamics of patients with SSc-PAH and IPAH are presented in Table 1 . Hemodynamics showed severe pulmonary hypertension in both groups, with significantly higher MPAP in patients with IPAH, despite being matched for pulmonary resistance and having similar moderately decreased cardiac index (p ¼ 0.19), capacitance or arterial elastance (p > 0.78). There were no statistically significant differences in the six-minute walk distance, NTproBNP or prevalence of renal insufficiency (!stage 3 of chronic kidney disease). A higher percentage of patients with SSc-PAH had high-risk REVEAL scores, even after excluding the connective tissue disease criteria. No patients were receiving treatment for pulmonary hypertension at baseline; however, two SSc-PAH patients were being treated with phosphodiesterase inhibitors for severe Raynaud's phenomenon. As shown in Table 1 , both groups had similarly increased right heart dimension and RV dysfunction. Most patients had moderate to severe RV dysfunction at baseline: 63.6% of SSc-PAH and 72.7% of IPAH using RVFAC ( 25%) and 68.2% in both groups using RVLS (absolute value 15%). Despite similar left ventricular ejection fractions, patients with SSc-PAH had a larger left atrial dimension than IPAH patients (p ¼ 0.01).
Load-adaptation in SSc-PAH versus IPAH Fig. 3 illustrates the variability of RV function (using RVFAC and RVLS) and afterload (using pulmonary vascular resistance), which can be modeled by a curvilinear relation, as previously demonstrated. 14, 27 The allometric relation allowed to derive indices of proportionality of load adaptation as previously reported: 14 . Among the several load-adaptability indices, the Dandel's index tended to be better in patients with SSc-PAH than IPAH (p ¼ 0.049). None of the other indices were significantly different between the two groups ( Table 1) . The normalized values compared with the healthy reference group (95th or 5th percentile) are presented in Fig. 4 . End-systolic dimensions presented on average a higher increase than end-diastolic dimensions. Values of the healthy cohort can be found in Supplementary Material Table S1 online. 
Exploratory outcome analysis
The mean follow-up was 3.0 AE 2.6 years. No patient was lost to follow-up at one year. The primary endpoint of death, transplant or hospitalization was reached in eight (36.4%) patients in the SSc-PAH group (eight hospitalizations and two deaths) and one (4.6%) in the IPAH group (one hospitalization) at one year (p ¼ 0.02). Event-free survival rate for and REVEAL score (hazard ratio 1.4 (1.1-1.9), p < 0.01) were significantly associated with the primary endpoint, while none of the baseline or changes in echocardiographic parameters including load-adaptability indices were associated with clinical worsening. None of the changes in RV metrics between baseline and follow-up echocardiography were significantly associated with the primary endpoint, even when performing imputation for the two non-survivors at one year (all p > 0.13).
One-year follow-up
At one year, in each group, five patients received a single oral agent, seven dual oral agents and two i.v. prostacyclins. There was no significant difference in terms of right heart dimensions at one year between the two groups in therapymatched patients (n ¼ 14 SSc-PAH vs. 14 IPAH) as presented in Table 2 . Both SSc-PAH and IPAH demonstrated improvement in RV function (as assessed by all metrics) and reverse right heart remodeling at one year. Patients with IPAH had better RV reverse remodeling at one year (as shown by RV areas) than SSc-PAH despite similar functional improvement and load reduction. Non-invasive load-adaptability metrics did not differ between the two groups at one year, while the Dandel's index improved in patients with IPAH. Similar results were found in non-therapy matched patients with available follow-up echocardiogram at one year (17 SSc-PAH versus 22 IPAH), as presented in Supplementary Table S2 . The two patients with SSc-PAH who died before one year (at eight months and 10.5 months) underwent echocardiography one month prior to death. Follow-up echocardiography showed marked RV enlargement (þ21% and þ8% increase in RV end-systolic area index) in the context of increased RVSP (þ144% and þ8%) outside the range of survivors with SSc-PAH (Supplementary Table S3 ). Among load-adaptability indices, only the TAPSE/RVSP ratio seemed to reflect RV worsening in these patients when compared with other patients with SSc-PAH. Sensitivity analysis imputing RV metrics (including load-adaptability indices) for the two non-survivors is presented in Supplementary Table S4 , showing significant difference in changes in the Dandel's index between patients with SSc-PAH and IPAH.
Discussion
Our study is one of the first providing comprehensive RV adaptation phenotyping of patients with incident SSc-PAH using echocardiography. Indices of RV load-adaptability do not appear to capture the increased risk of heart failure and mortality in SSc-PAH. Consistent with previous studies, our exploratory analysis suggests worse one-year outcomes in SSc-PAH and shows less improvement in RV remodeling in response to therapy in SSc-PAH than in IPAH. 7, 30, 31 Our main hypothesis was that worse clinical outcomes in SSc-PAH might be partially explained by poor ventricular adaptation to pulmonary vascular load in comparison with other forms of pulmonary hypertension. Recent studies using hemodynamic monitoring with pressure-volume loop analysis have shown differences in contractility between SSc-PAH patients and other forms of PAH, both at rest and with exercise. 11, 8, 32 Tedford et al. compared the pressure-volume relationship using right heart catheterization with Valsalva in seven patients with SSc-PAH and five with IPAH, showing altered RV coupling in SSc-PAH (Ees/ Ea ratio 1.0 AE 0.5) compared with IPAH (Ees/Ea 2.1 AE 1.0, p ¼ 0.03) despite similar afterload and cardiac index. 11 Hsu et al. performed a similar analysis of RV contractility during exercise to compare contractile reserve in SSc-PAH versus IPAH. 32 Despite similar resting RV function and morphology, SSc-PAH subjects had depressed RV functional reserve during exercise. Finally, Kelemen et al. showed that SSc-PAH patients (n ¼ 35) had lower RV mass than IPAH patients (n ¼ 18) with similar pulmonary resistance, reflecting a potential difference in adaptive hypertrophy. 8 There has been recent interest in focusing on non-invasive surrogate markers of RV load adaptability. The RV area Table 2 . Evolution of right heart size, function and load adaptation at one year in therapy-matched patients with scleroderma-associated or idiopathic pulmonary arterial hypertension. change/RVESA ratio, similar to the previously reported stroke volume/end-systolic volume ratio as a surrogate of the Ees/Ea ratio, failed to distinguish SSc-PAH from IPAH in our study, showing the complexity of RV geometry. Ratio metrics (such as TAPSE/RVSP) address the question of how to best combine right heart function and load metrics into a simple index, to more accurately assess RV function and pulmonary hypertension. The TAPSE/RVSP ratio, proposed by Guazzi et al., is a simplified index of RV lengthforce relationship. 15 A value less than 0.36 mm/mmHg was associated with an increased cardiovascular mortality (hazard ratio of 10.4 (5.4-19.8), p < 0.001) in 293 patients with heart failure with reduced or preserved ejection fraction. 15 However, simple ratios may not address the question of disproportionality of adaptation, as the relationship between function and afterload follows a non-linear and often inverse fit.
14,27 Dandel et al. proposed an index defined as delta pressure between the RV and the right atrium divided by the end-diastolic volume/length ratio. 16, 17 First demonstrated for the assessment of RV function recovery in patients with end-stage left heart failure on left ventricular assist devices, 16 the prognostic value of this index was validated in 79 patients with PAH (including <8% with connective tissue disease) awaiting lung transplantation. 17 A low index (reflecting excessive RV dilation and high right atrial pressure with relative low RV pressure) indicated impaired right heart adaptation to load and was associated with an increased risk of RV failure and worse transplantfree survival at one and three years. 17 Although we found in our cohort a borderline significance (p ¼ 0.049) for a higher Dandel's index at baseline in patients with SSc-PAH than in those with IPAH (which would suggest a better adaptation), taking into account the multiple comparison analysis performed, we can only conclude that this index was not able to capture the increased risk of patients with SSc-PAH in our cohort.
Although negative, our study has several features of originality including being the first to provide complete resting ventricular function and remodeling data in incident SSc-PAH and IPAH patients. In a field in which numerous RV metrics of remodeling, function and load adaptation are available, comparing those metrics head to head is necessary in order to understand which provide the most accurate prognostication for patients. Consistent with previous studies, our study did not show a difference in terms of echocardiographic simple RV functional metrics. 10 However, unlike previous studies in which RV function was usually assessed by qualitative right heart dilation from reports or by the TAPSE (which gives limited information on lateral basal contraction), 10, 33 our study analyzed quantitative indices of right heart remodeling and function including novel indices of ventricular function such as RV longitudinal strain. 34, 35 In addition, our study comprehensively explored previously reported non-invasive load-adaptability metrics. Finally, the longitudinal assessment of these metrics at one year after introduction of therapy enables us to explore the value of these metrics as markers of response to therapy, although larger randomized studies are needed.
Potential explanations for the worse intrinsic RV function in SSc-PAH need further investigation, but include the presence of myocardial fibrosis, inflammation, depressed sarcomeric function, microvascular disease or neurohumoral effectors. 36, 37 Cardiac magnetic resonance enabling extra-cellular matrix imaging by contrast enhancement or T1 mapping sequences could be potentially useful for detection of intrinsic RV differences in SSc-PAH and IPAH patients. Exercise or dobutamine echocardiography may also provide an alternative means to identify early RV dysfunction non-invasively, as exercise has been shown to detect those with early PAH 38, 39 and unmask ventriculoarterial uncoupling in SSc-PAH. 32 This study has several limitations. First, it is a retrospective study performed in a prospective cohort with missing imaging data at one year in three survivors with SSc-PAH. Second, the stringent matching by resistance and pulmonary hypertension therapy resulted in a relatively small sample size, which may have hindered our ability to detect subtle differences in RV dysfunction and load adaptation. Similarly, the small number of patients and events during follow-up limits our confidence in interpreting relationship with outcomes. Third, pulmonary vascular resistance was used to match for load acknowledging that RV afterload is a dynamic interplay between resistance, capacitance and wave reflections. However, capacitance and estimation of arterial elastance did not significantly differ between the two groups at baseline. Lastly, in this cohort, patients did not undergo cardiac magnetic resonance imaging, thus RV mass could not be accurately assessed.
In conclusion, resting non-invasive right load-adaptability indices at baseline and one-year follow-up do not appear to capture the complexity of ventricular adaptation and increased risk of heart failure in patients with SSc-PAH. Other modalities such as exercise testing or extracellular imaging using cardiac magnetic resonance imaging should be assessed in future studies.
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